The magnetization dynamics of single-crystalline Fe͑001͒ thin films with Cr cap layers has been studied by an all-optical time-resolved pump-probe technique. The system is characterized by a fourfold in-plane magnetic anisotropy. We observed long-lived ͑ϳ1 ns͒ magnetization oscillations caused by the ultrafast ͑ϳ0.15 ps͒ optical pulse excitation. The oscillations are associated with the temporal variation of the magnetization component M z normal to the film surface. The phase of the oscillations is independent of the polarization state of the pump beam giving evidence for a predominantly thermal origin of the excitation. The amplitude of the oscillations considerably depends on the in-plane orientation and magnitude of the magnetic field. The azimuthal variation of the oscillation frequency at constant magnetic field follows the fourfold in-plane magnetic anisotropy. Angle and field variations of the frequency are well described by a uniform precession mode known from the theory of ferromagnetic resonance. Our analysis indicates that the precession amplitude is determined by the frequency of the uniform mode and an in-plane tilting of the effective magnetic field directly caused by the pumping light beam.
I. INTRODUCTION
Magnetic thin films and multilayer structures offer the unique possibility to tailor magnetic and electrical properties of a system and to tune them over an extremely wide range. For this reason, these magnetic layer stacks are not only of general scientific interest but they also form major building blocks in spintronic devices used in information technology, 1,2 such as hard disk read heads, magnetic biosensors, magnetic random access memories, or magnetic logic. With respect to device functionality and performance, the issue of magnetic switching speed is currently in the focus of interest, driving a strong research activity in the fields of ultrafast spin and magnetization dynamics. It is known for some time that a short optical pulse may strongly affect the electronic structure of a metallic magnet due to the creation of a large number of hot electrons. The subsequent electronic deexcitation results in a "warming" of the spin and phonon subsystems, if one adopts a three-bath model. 3 This energy transfer to magnons and phonons can give rise to changes of the magnetization magnitude ͑quenching of ferromagnetic order͒, of the optical parameters of the film, and of the magnetic anisotropy parameters, causing specific optical, magnetic, and magneto-optical responses on short ͑Ͻ1.5 ps͒ and long ͑ϳ1 ns͒ time scales. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] On the short time scale, instantaneous changes of the reflected light intensity and a rotation of the polarization plane have been observed. These initial changes may be subsequently followed by an oscillatory response on a longer time scale, related to the excitation of long-lived precessional or acoustical modes. 14, 15 The phenomenon of laser pulse-induced persistent magnetization precession has been observed recently in polycrystalline nickel as well as in Permalloy ͑Ni 80 Fe 20 ͒ films. 10, 16 In these experiments, a specific initial state of M was defined by applying a magnetic field perpendicular to the film plane, i.e., turning the magnetization fully or partially out of the film plane and establishing a uniaxial configuration. The excitation of the magnetization precession in these experiments was related to the demagnetization and modification of the anisotropy by the optical pump pulse. In Ref. 12 , real-space magnetization dynamics has been studied in Co and Ni films. It was experimentally proven that the ultrashort light pulse does not only result in a demagnetization but also triggers a fast ͑ϳ1 ps͒ tilting of M away from the equilibrium direction, which is followed by a precession around the timedependent effective magnetic field H ef f ͑t͒. On this time scale, H ef f ͑t͒ is determined by the rate of heat diffusion to the substrate, whereby this characteristic time may be even longer than the relaxation time of the precessional motion. A time-dependent contribution of the magneto-crystalline anisotropy to H ef f ͑t͒ was also demonstrated. The possibility to excite coherent magnetization dynamics in exchange-biased systems through ultrafast optical modulation of the exchange bias field-which is responsible for the unidirectional anisotropy-was explored in Ref. 17 and also studied in Refs. 18 and 19. In general, the magnetization dynamics caused by a short intense light pulse is only incompletely described by the Landau-Lifshitz-Gilbert ͑LLG͒ equation, as the magnetization modulus as well as the value and direction of the effective field are becoming time-dependent functions during the relaxation processes. 12 Because of that, the spectrum, angle, and field dependencies of the magnetization precession fre-quencies can be quite different from those observed in ferromagnetic resonance ͑FMR͒ or Brillouin light scattering ͑BLS͒. The role of the magnetic anisotropy in these dynamic processes, however, is still an open question, in particular, for nonuniaxial configurations. Therefore, it is interesting to compare the behavior of optically excited magnetization precession with LLG theory in systems, which are less anisotropic. One such example is a biaxially anisotropic Fe film grown on ͑100͒-oriented substrates.
So far, various complementary techniques such as conventional and network analyzer FMR, [20] [21] [22] [23] [24] BLS, [25] [26] [27] [28] and time-resolved magnetic-field pump-optical probe methods 29, 30 have been used to access magnetic relaxation processes of anisotropic Fe, Fe x Co 1−x , or Permalloy thin films grown on GaAs͑100͒ substrates. In all of these experiments, the magnetization dynamics was driven by an external magnetic field, either in a sine-wave or pulsewise manner, the shortest pulse widths reaching down to about 10 ps. The excitation mechanisms of the magnetic system invoked by ultrashort ͑ϳ100-200 fs͒ optical pulses differ inherently from those involved in the above-mentioned techniques. In contrast to standard FMR, the all-optical pump-probe method provides the possibility to investigate the free precession of M as well as to determine the frequency and damping parameters in a wide range of constant magnetic fields. Whereas BLS is dealing with thermal spin-wave excitations, the pump-probe method also provides the opportunity to study spin dynamics in a thermal nonequilibrium mode induced by the light pulse. In addition, the precessional motion and damping of the magnetization may be visualized in real time.
In this work, we employ an all-optical pump-probe method to investigate the influence of a fourfold in-plane magnetic anisotropy on the magnetization dynamics in thin magnetic monocrystalline Fe films. In contrast to previous all-optical studies of metallic systems, we have chosen a particular experimental geometry with the external magnetic field being applied in the plane of the film. This configuration allows us to investigate the amplitude, frequency, and damping of magnetization precession as a function of both orientation and magnitude of the in-plane magnetic field, as well as a function of the optical polarization configuration. In this context, we also note that the modification of the cubic magnetocrystalline anisotropy under ultrafast optical excitation has been studied recently in isolating ferromagnetic garnet films. 31 As a main result, the important role of nonthermal mechanisms caused by the excitation and manifesting themselves through a polarization-dependent magnetooptical response was demonstrated. The fourfold magnetic anisotropy along with the linear dichroism has also been exploited recently in the manipulation of magnetic states in magnetic semiconductors ͑Ga,Mn͒As by ultrashort optical excitation. 32 Thus, the goal of this paper is to investigate the magnetization dynamics in biaxially anisotropic Cr/ Fe͑100͒ thin films after excitation by ultrashort light pulses. We show that on the long time scale, the precessional motion of the magnetization is excited independent of the polarization of the pump beam. This finding gives evidence for a thermal mechanism being at work. The rotation of the probe beam polarization plane, i.e., the magneto-optic response, is caused by the oscillating magnetization component M z perpendicular to the film surface. Frequency and amplitude of the precession mode strongly depend on the magnitude and orientation of the magnetic field and clearly reflect the fourfold in-plane magnetic anisotropy of the film. The results are in agreement with previously proposed mechanisms of optically induced magnetization dynamics, provided that effects due to the instantaneous demagnetization and change of the magnetocrystalline anisotropy are taken into account.
II. EXPERIMENTAL ASPECTS
The Fe ͑d = 100 Å͒ films were grown on GaAs͑001͒ substrates by molecular-beam epitaxy, with an Ag͑1500 Å͒ /Fe͑10 Å͒ buffer layer being deposited prior to the Fe film growth in order to provide better epitaxy. 33 The structure was covered by a Cr͑10 Å͒ protective cap layer. The quality of the films has been monitored in situ by reflection high-energy electron diffraction ͑RHEED͒ during the growth process. After deposition the sample was removed from the chamber and fixed onto a sample holder allowing a 360°rotation around the surface normal. All measurements were performed at room temperature ͑T = 294 K͒. The dynamic response of the magnetization M was induced by short ͑ϳ150 fs͒ pump-light pulses ͑ = 800 nm, f = 1 kHz͒ at normal incidence generated by a regenerative amplifier ͑Spit-firePro, SpectraPhysics͒. The geometry of the experiment and definitions of the angles are shown in Fig. 1 . The diameter of the surface illuminated area was about 0.5 mm. The average pump power deposited into the surface was about 15 mW. The s-polarized probe beam was focused into a 50 m diameter spot in the center of the area illuminated by the pump beam. The rotation of the polarization plane of the probe beam ͑␦͒ has been measured as a function of time delay ⌬t between pump and probe pulses. A polarizationsensitive differential photodetector and a lock-in technique have been used to obtain a high sensitivity. The measurements have been carried out for two different probe beam incidence angles of = 10°and ϳ 35°. The polarization state of the pump beam could be varied from linear to circular ͑left or right͒ by a corresponding rotation of a quarter wave plate. For comparison, the in-plane magnetic anisotropy of the films has also been studied employing the conventional longitudinal magneto-optical Kerr effect ͑see Fig.  2͒ using the same light source at the incidence angle of ϳ 35°.
III. QUASISTATIC MAGNETIZATION REVERSAL

A. Kerr effect observations
In the absence of a strong perpendicular magnetic field, the magnetization M of the films studied is oriented in plane, as the energy of the demagnetizing field 2M z 2 by far exceeds the energy of the perpendicular uniaxial anisotropy K u M z 2 , including both bulk and interfacial contributions. Therefore, we used the longitudinal magneto-optical Kerr effect ͑LMOKE͒ to characterize the quasistatic magnetization reversal in the films. In Figs. 2͑a͒-2͑d͒, the LMOKE hysteresis loops measured for different orientations of the in-plane magnetic field H relative to the crystal axes are shown. The films display a clear in-plane fourfold magnetic anisotropy with an orientation of the easy axes and hard axes along ͓100͔-and ͓110͔-type crystallographic directions, respectively. The hysteresis loops for H parallel to the easy axis ͓Fig. 2͑a͔͒ exhibit a rectangular shape with a coercive field H c ϳ 10 Oe, indicating a reversal mechanism mainly based on domain-wall nucleation and motion. Along other directions, the magnetization reversal also involves significant rotation processes, as can be seen by the rounding of the loops after the initial jump at small fields ͓Figs. 2͑b͒-2͑d͔͒. The magnetization rotation is completed at a saturation field of H s ϳ 2.5 kOe. The absolute magnitude of the Kerr rotation is about ␦ max ϳ 0.02°in the saturation region. When the magnetic field deviates from an easy or hard axis ͓Figs. 2͑b͒ and 2͑d͔͒, we also see a clear asymmetry of the Kerr rotation loops, i.e., ␦͑H͒ ␦͑−H͒.
As an example, we take the loops measured at = ± 22.5°͓Figs. 2͑b͒ and 2͑d͔͒. Just after the initial jump at H ϳ 0, the absolute value of the rotation of the polarization plane at = + 22.5°͓Fig. 2͑b͔͒ increases in positive and decreases in negative applied field. At = −22.5°͓Fig. 2͑d͔͒, however, the magnitude of the longitudinal Kerr rotation decreases in positive and increases in negative applied magnetic field. The asymmetry character ͑of the +22.5°or −22.5°t ype͒ changes in a jumplike manner when the angle between the magnetic field and the direction of the hard axis ͓͑110͔͒ changes sign. We also have to point out that a small angular deviation of the external field from the hard axis ⌬ ϳ 0.3°is sufficient for the asymmetry character to be changed. This is illustrated by Fig. 2͑c͒ . It corresponds to a case, in which the magnetic field is aligned very close ͑with an uncertainty of ϳ1°͒ with the hard axis. It is also interesting to note that in our LMOKE data, we do not find any indication for an in-plane uniaxial anisotropy. However, this finding is in agreement with the results of earlier FMR and BLS studies of ultrathin Fe films grown on Ag͑100͒ substrates. 26, 34 
B. Second-order contributions
The asymmetry of the longitudinal MOKE hysteresis loops shown in Fig. 2 is due to our choice of a rather steep angle of incidence and can be explained by taking into account higher-order contributions to the total magnetooptical response. In our case, this higher-order contribution is related to elements in the tensor of the dielectric susceptibility, which are second order or quadratic in the magnetization, i.e., ϳ␤ ijkl M k M l , and responsible for Cotton-Mouton ͑or Voigt͒ effect and magnetic linear dichroism. 35, 36 These terms describe the optical anisotropy of the film induced by the magnetization M. For a thin film of cubic symmetry, one of the main directions of this optical anisotropy is parallel and the other is perpendicular to the direction of M. A rotation of FIG. 2 . ͑Color online͒ Longitudinal magnetooptical Kerr effect measured at = 800 nm and an incidence angle = 35°for different orientations of the in-plane magnetic field: ͑a͒ Magnetic field along the easy ͓͑100͔͒ axis, ͑b͒ and ͑d͒ magnetic field under an angle of = ± 22.5°relative to the hard ͓͑110͔͒ axis, and ͑c͒ magnetic field oriented close to the hard axis. Solid lines are calculated contributions of linear ͑ϳM, green͒ and quadratic ͑ϳM 2 , blue͒ terms. The total magneto-optical response is shown by red lines. the magnetization is followed by a likewise rotation of the main optical anisotropy directions. This gives rise to a rotation of the polarization plane of the light, in addition to that induced by the linear Kerr effect. In contrast to the linear longitudinal magneto-optical Kerr effect, which is proportional to the magnetization component M x lying in the incidence plane, the direction of the polarization plane rotation ͑clockwise or anticlockwise͒ caused by the quadratic in M terms is determined by the direction of the field-induced magnetization rotation. The latter is symmetric for positive and negative external fields at the same angle . These quadratic contributions are responsible for the asymmetry observed in the hysteresis loops ␦͑H͒. For angles of opposite sign, for example, = + 22.5°and = −22.5°, the rotation of the magnetization and the main directions of the optical anisotropy are also opposite. This manifests itself in an asymmetry of hysteresis loops for these angles.
Experimentally, the different contributions arising from the linear Kerr effect and from the quadratic response can be separated, if the sum and difference of the field dependencies ␦͑H͒ measured for opposite orientations ͑±͒ of the in-plane magnetic field relative to a hard axis are taken, i.e., O͑M͒ ϳ ␦͑H , +͒ + ␦͑H ,−͒ and O͑M 2 ͒ϳ␦͑H , +͒ − ␦͑H ,−͒.
The linear and quadratic in M contributions to the magnetooptical signal ͑rotation of the polarization plane͒ can also be calculated on the basis of the magnetic energy density . In this procedure, one needs to evaluate the angles = − , which determine the equilibrium orientation of the magnetization depending on the azimuthal orientation and magnitude of the applied field H. The task can be solved by means of a minimization of the magnetic energy potential. For bcc-Fe films grown on Ag͑100͒, the following expression for has been shown to apply:
26,34
where is the polar angle, describing the orientation of M relative to the surface normal, 4M ef f =4M s −2K Ќ / M s , K 1 is the constant of the cubic in-plane magnetic anisotropy ͑K 1 Ͻ 0͒, and K Ќ is the constant describing a surface-type perpendicular magnetic anisotropy. In Eq. ͑1͒, the first term describes the Zeeman contribution and the second one, the fourfold in-plane magnetic anisotropy energy. We neglect the in-plane uniaxial anisotropy term as well as the volume-type perpendicular uniaxial term, because they are considered to be small in the present case. 26, 34 The minimization procedure leads to the solution of the transcendental equation
where A =2HM / K 1 . Knowing the angle , we can calculate the contribution to the rotation of the polarization plane in the longitudinal Kerr effect, which is defined by projection of the magnetization on x axis, i.e., ␦͑H͒ϳcos͑ − ͒. Fig. 2 by solid lines. The good agreement between the experimental data and the calculated curves of the total magneto-optical signal proves the validity of the approach chosen. It should be noted that the contribution of quadratic terms to the total Kerr rotation is comparable in magnitude with the linear terms at least in small fields. Moreover, the magnetization rotation process is much more pronounced in ␤͑H͒ than in ␦͑H͒ dependencies.
IV. FAST MAGNETIZATION DYNAMICS
A. Excitation of precessional modes
In the experimental configuration that we have chosen, the excitation of the magnetic film system by the optical pump pulse manifests itself through an oscillatory magnetooptical response, i.e., an oscillatory rotation of the polarization plane of the probe beam. As we will discuss below, this time-resolved signal arises from the polar MOKE ͑PMOKE͒. Figure 3 displays the time profiles of this magneto-optical response for the experimental geometry with = 22.5°. Depending on the value of the external magnetic field H, we observe pronounced oscillations with different periodicities and damping characteristics. These oscillations obviously reflect the excitation of distinct precessional modes in the sample. Qualitatively, we can already note that an increase of the magnetic field appears to shift the frequency to higher values, whereas the behavior of the damping with the field strength seems to be more complicated. In order to arrive at a more quantitative interpretation, we extracted the main frequency components of the oscillations in time profiles like those in Fig. 3 using standard fast Fourier transformation procedures. In most cases, we found only one dominant frequency in the Fourier spectrum, which we will henceforth call resonance frequency. The damping characteristics are assumed to follow an exponential dependence ͑see Sec. V B͒.
The strong dependence of the frequency f of the oscillatory magneto-optical response on the magnitude and orienta- tion of magnetic field ͑see Figs. 4 and 5͒ evidences that this oscillatory signal is related to the temporal variation of the magnetization M due to a precessional motion. This precessional motion also involves transient components of the magnetization perpendicular to the surface, i.e., M z ͑t͒. Thus, the experimentally observed magneto-optical rotation can be caused in principle by longitudinal and/or perpendicular magnetization components responsible for the longitudinal or polar Kerr effect, respectively, as well as by the presence of quadratic on M terms described above.
The measurements carried out at different incidence angles ͑ = 10°and 35°͒ of the probe beam, however, showed approximately the same amplitude for the oscillations. This allows us to eliminate effects due to the longitudinal component of M, i.e., a longitudinal MOKE contribution from further considerations. The amplitude of the oscillations depends only weakly on the polarization of the probe beam at = 10°. This finding is inconsistent with a mechanism involving effects due to O͑M 2 ͒. Therefore, we can conclude that the oscillatory component of the magneto-optical signal is mainly caused by the temporal variation of M z via the PMOKE. The polar Kerr effect is usually the largest among the magneto-optical effects in conducting magnetic films. 35 Using the value of the polar Kerr constant for bulk Fe, which is ϳ0.5°at = 800 nm ͑Ref. 35͒ and taking into account that the maximal value of the oscillation amplitude is about 0.008°measured at H = 0.5 kOe and = 4°, we arrive at a value of ϳ1°for the transient twisting angle of M away from the film plane.
B. Field and angular dependence of the dynamic Kerr response
We now turn to a more detailed analysis of the influence of the external field. In Fig. 4 , the magnetic-field dependencies of the precession frequency are compiled for different orientations of the in-plane magnetic field =0°͑H ʈ ͓110͔͒ and = 22.5°. We find that the absolute values of the resonance frequency and the shape of frequency variations depend quite strongly on the magnitude of the magnetic field and its orientation with respect to the anisotropy axes of the sample. For = 0°, the oscillation frequency varies from f = 4 GHz at H = 0.3 kOe up to f = 20 GHz at H = 2.7 kOe. For = 22.5°, the variation of f lies in the interval from 9 to 25 GHz. We note that the magnetic-field dependence exhibits a distinct difference for the magnetic field pointing along the hard axis ͑ =0°͒ and in between the hard and easy axes ͑ = 22.5°͒. In the latter case, the minimum frequency is found at zero external magnetic field, whereas in the first case, two minima appear at finite field values.
The presence of minima in the resonance frequencies when magnetizing a sample along the hard axis is well known from FMR and BLS studies. 28, 34 It may be somewhat unexpected in our pulsed excitation measurements, because we cannot assume a priori that mainly the uniform magnetization precession mode will be excited. However, the result gives a suggestion that a more quantitative interpretation of our results may be possible on the basis of formalisms originally developed for resonance techniques, such as FMR. Following the arguments used in these formalisms, the minimum in the resonance frequency should be related to the vanishing of the effective field H ef f at certain external field values, because of the compensation of contributions from external and anisotropy fields ͓see Eq. ͑1͔͒.
In Fig. 5 , we show the azimuthal variation of the resonance frequencies for a constant value of the magnetic field ͑H = 0.8 kOe͒ applied in the film plane. We clearly discern strongly anisotropic fourfold characteristics. However, it is important to note that the shape of the azimuthal variations cannot be described by a simple cos 2 ͑2͒ function. Instead, broad maxima along ͓100͔ directions are followed by narrow minima along ͓110͔ directions. Detailed investigations also revealed that at constant azimuthal angle of the magnetic field, the phase of the oscillations did not change upon a magnetic-field reversal. At constant magnetic field, however, a change of sign of ͑ → −͒ leads to a phase change of the precessional oscillations by 180°. The amplitude and the phase of the oscillations do not depend on the polarization state of the pump beam ͑linear or circular͒. They are also independent of the azimuthal orientation of the linear polarization of the pump beam with respect to the crystal axes.
We now have to explain the experimentally observed variations of the resonance frequency on the magnetic-field strength and orientation. Taking into account that the diameter of the pump beam was about ten times larger than the probe beam diameter and that we observed only one dominant frequency in most of our experiments, we assume that this frequency essentially marks the excitation of the uniform mode ͑k =0͒. Besides, we consider that the film is thin enough and that we can safely neglect any spatial variation of the magnetization over the film thickness. These approximations serve as input to a quantitative analysis of the timeresolved data, which will be based on a general formalism adapted from FMR theory. Within this formalism, the magnetic-resonance frequency f is defined by the following relationship:
where ␥ = ge /2mc is the gyromagnetic ratio, M s is the saturation magnetization, and and are azimuthal and polar angles of the magnetization, respectively. ͑ , ͒ is the magnetic energy density described by Eq. ͑1͒. The results of the calculations of f with the aid of Eq. ͑3͒ are presented by the solid lines in Figs. 4 and 5 . The good agreement of the calculated curves with the experimental data supports our assumption that it is indeed mainly the uniform magnetization precession mode, which we measure in the center of the area illuminated by the pump beam.
V. PECULIARITIES OF THE OPTICAL EXCITATION
A. Limitations of the LLG approach
The amplitude of the oscillations strongly depends on both the orientation and magnitude of the in-plane magnetic field H. The most effective excitation of the precessional modes is observed, if the direction of the magnetic field is close to the hard axis and the magnitude of H is smaller than the saturation field H s . As the magnetic-field direction approaches the easy axis, the amplitude of the oscillatory response decreases significantly. At magnetic fields larger than H s , the oscillation amplitude also essentially decreases. In Fig. 6 , we show the field dependence of the amplitude of the oscillations at = 4°. The dependence is characterized by a sharp maximum close to H Ϸ 0.5 kOe and a fast decrease at lower-field values. As the magnetic field increases above 0.5 kOe, the amplitude of the oscillations decreases more smoothly. We also note that at = 22.5°, the maximum value of the amplitude is smaller than at = 4°and the peak is more washed out ͑not shown͒.
The excitation of the magnetization precession by the light pulse is caused by an ultrafast change of the direction of the effective field H ef f . The pump pulse results in an instantaneous heating of the electron gas due to an avalanche excitation of the large number of hot electrons. After this initial step, due to electron-phonon and electron-magnon interactions, the electron gas energy is transferred to the phonon and magnon subsystems resulting in an increase of the respective temperatures. These processes take place on a time scale of e−e ϳ 0.1 ps, e−ph ϳ 1.5 ps, and e−sp ϳ 0.2 ps, 14, 38 correspondingly. As soon as thermal equilibration between these subsystems is achieved, a relatively slow decrease of the temperature inside the illuminated spot happens ͑ therm approximately nanosecond͒ due to heat diffusion from the illuminated area into the substrate and into the periphery of the film. The fast heating of the magnetic subsystem might be accompanied by a change of the magnitude of the magnetization by ⌬M ͑Ref. 3͒ as well as a change of the magnetic anisotropy parameter by ⌬K 1 . [10] [11] [12] 17 Prior to the pump pulse, the orientation of the magnetization M coincides with the direction of the effective magnetic field H ef f ‫ץ−=‬ / ‫ץ‬M, where is the magnetic energy density ͓Eq. ͑1͔͒. The instantaneous change of the magnitudes of M and K 1 causes H ef f to rotate from the equilibrium position to the nonequilibrium configuration H ef f 1 . This process gives rise to the magnetization torque = ͓H ef f 1 ϫ M͔ acting on magnetization M. If we do not take into account effects associated with a reduction of the modulus of the magnetic moment during the initial ultrafast excitation, the subsequent dynamic behavior of the magnetization should follow the Landau-Lifshitz-Gilbert equation
where the second term describes the damping of the precessional motion of M. In a full dynamical approach, the modification of ͉M͉ by an ultrafast optical pulse leads to the appearance of additional terms in Eq. ͑4͒. 12 For the approximate treatment of the field and angular variations on the long time-scale magnetization precession amplitudes, however, we will consider their influence only as a perturbation to the magnetization movement described by Eq. ͑4͒.
The mechanism of the optically induced excitation of the precessional motion suggested in Ref. 10 assumes that after the absorption of the pump pulse, the effective field instantaneously changes its orientation H ef f → H ef f 1 , i.e., rotates by an angle ⌬ for a short time and returns back to the initial state H ef f 1 → H ef f almost as fast. For the time interval , the magnetization rotates around the new effective field direction H ef f 1 and tilts away from the direction of H ef f by an angle ϳ͑͒⌬, where is the frequency of the uniform mode. After the effective field H ef f 1 has relaxed back into the initial state H ef f , the magnetization continues to precess on an elliptical trajectory around the initial orientation of H ef f , with the amplitude of the oscillations being proportional to ⌬.
The change ⌬ of the direction of the effective field due to a possible demagnetization ⌬M and a change of the anisotropy constant ⌬K 1 can be estimated using Eq. ͑2͒, which determines the equilibrium orientation of the magnetization M at the given values of M and K 1 . In an approximation, which takes only the terms linear in ⌬M / M and ⌬K 1 / K 1 , it can be written as
Using Eqs. ͑1͒ and ͑5͒ as well as the expression for the frequency of the uniform precession ͓Eq. ͑2͔͒, we can finally calculate the shape of the field variations of ⌬ and ⌬. The results are included in Fig. 6 as solid and dashed lines. The field variations of ⌬ and ⌬ exhibit sharp maxima at H Ӎ 0.5 kOe for a field orientation close to the hard axis ͑ =4°͒. However, the decrease of ⌬ at H Ͼ 0.5 kOe happens more slowly than for ⌬. This difference is due to a strong dependence of the frequency on the magnitude of the external field. The frequency rises nearly linearly as the field increases beyond H = 0.5 kOe ͑see Fig. 4͒ . The essential difference of ⌬ and ⌬ is also visible in the azimuthal variations of the amplitude of the oscillations ͑Fig. 7͒. Again, the predictions of the calculations ͑solid and dotted lines͒ are in reasonable agreement with the experimental data points. We find that on approaching the hard axis ͑ → 0͒, the magnitude of ⌬ increases up to = 0.3°, while the magnitude of ⌬ and the experimentally measured amplitude of oscillation start to decrease at = 4°. This behavior is due to a fast decrease of the uniform mode frequency at → 0 ͑see Fig. 5͒. In Fig. 7 , we also show the ratio between the experimental value of the oscillation amplitude and the oscillation frequency by open dots. It is seen that the ratio displays a behavior analogous to ⌬. From the quite reasonable agreement between the experimental data and our calculations with respect to the field and azimuthal dependencies of the oscillation amplitudes, we can draw the following conclusions: ͑i͒ the LLG equation alone does not describe the dynamics of the system properly, ͑ii͒ an initial deflection of M by the pump-light pulse must be taken into account, and ͑iii͒ the subsequent magnetization precession takes place around the equilibrium orientation of H ef f . With these modifications, the long-time dynamics of the system can be consistently described within the LLG model.
B. Damping of the precessional modes
In order to identify mechanisms responsible for the damping of the magnetization precession, a dimensionless damping parameter ␣ =1/͑͒, where corresponds to an exponential decay time, has been extracted from the time profiles of the magneto-optical response. In Fig. 8 , this phenomenological damping parameter is plotted as a function of the precessional frequency for two orientations of the in-plane magnetic field at = 0°and = 22.5°. We find that the damping parameter increases nonlinearly from ␣ ϳ 0.01 at higher frequencies ͑saturation region͒ up to ␣ ϳ 0.1 at lower frequencies. Besides, as one can see from a comparison of the guide-to-the-eye lines ͑solid lines in Fig. 8͒ , the magnetization precession is damped faster at = 22.5°than at =0°as the frequency decreases. This finding points toward an anisotropic character of the damping process.
The nonlinear behavior of the damping parameter as function of frequency, its orientational dependence ͑Fig. 8͒, as well as the relatively large values at low frequencies point out the necessity to account for mechanisms beyond the intrinsic Gilbert damping. We believe that the anisotropic and nonlinear behavior of the damping parameter is due to extrinsic contributions associated with a two magnon-scattering mechanism at the interfaces. 39 This is in agreement with previous studies evidencing the important contribution of this mechanism in Cr/ Fe/ GaAs͑100͒ thin films. 20, 21, 29 In order to evaluate details of this mechanism, however, further experiments will be required.
VI. CONCLUSIONS
Using an all-optical pump-probe approach, we observed that ultrashort optical pulses can induce long-living magnetization oscillations in Cr/ Fe͑100͒ thin films due to a thermal mechanism of the excitation. The in-plane fourfold anisotropy of the films is clearly reflected in their dynamical response. The magnetic-field and angular variations of the resonance frequency of the oscillations are well described by a general formalism used for FMR based on the LandauLifshitz-Gilbert equation. This behavior suggests that the main contribution to the observed behavior originates from the uniform precession mode. We may speculate that the inclusion of higher-order modes may still improve the agreement between experiment and model calculation. The amplitude of the excited oscillations essentially depends on the magnitude and orientation of the in-plane magnetic field relative to the crystallographic axes. The maximum efficiency of the excitation is realized at a magnetic field of 0.5 kOe, which is slightly deflected from the hard axis by about 4°. The excitation of the magnetization precession is associated with an initial transient deflection of the effective field away from the equilibrium orientation due to a local demagnetization of the sample ͑⌬M͒ and a change of the anisotropy constant ͑⌬K 1 ͒. This initial deflection marks the transition from the ultrafast dynamics to the precessiondominated ͑LLG͒ dynamical regime.
